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Topological orders are exotic phases of matter existing in strongly correlated quantum systems,
which are beyond the usual symmetry description and cannot be distinguished by local order param-
eters. Here we report an experimental quantum simulation of the Wen-plaquette spin model with
different topological orders in a nuclear magnetic resonance system, and observe the adiabatic tran-
sition between two Z2 topological orders through a spin-polarized phase by measuring the nonlocal
closed-string (Wilson loop) operator. Moreover, we also measure the entanglement properties of the
topological orders. This work confirms the adiabatic method for preparing topologically ordered
states and provides an experimental tool for further studies of complex quantum systems.
PACS numbers: 03.65.Ud, 64.70.Tg, 03.67.Lx, 76.60.-k
Over the past 30 years, it has become increasingly
clear that the Landau symmetry-breaking theory cannot
describe all phases of matter and their quantum phase
transitions (QPTs) [1–3]. The discovery of the fractional
quantum Hall (FQH) effect [4] indicates the existence of
an exotic state of matter termed topological orders [5],
which are beyond the usual symmetry description. This
type of orders has some interesting properties, such as
robust ground state degeneracy that depends on the sur-
face topology [6], quasiparticle fractional statistics [7],
protected edge states [8], topological entanglement en-
tropy [9] and so on. Besides the importance in condensed
matter physics, topological orders have also been found
potential applications in fault-tolerant topological quan-
tum computation [6, 11, 12]. Instead of naturally oc-
curring physical systems (e.g., FQH), two-dimensional
spin-lattice models, including the toric-code model [6],
the Wen-plaquette model [1], and the Kitaev model on a
hexagonal lattice [14], were found to exhibit Z2 topologi-
cal orders. The study of such systems therefore provides
an opportunity to understand more features of topologi-
cal orders and the associated topological QPTs [4, 5, 15].
A large body of theoretical work exists on these sys-
tems, including several proposals for their physical im-
plementation in cold atoms [18], polar molecules [19] or
arrays of Josephson junctions [20]. However, only a very
small number of experimental investigations have actu-
ally demonstrated such topological properties (e.g., any-
onic statistics and robustness) using either photons [21]
or nuclear spins [22]. However, in these experiments, spe-
cific entangled states having topological properties have
been dynamically generated, instead of direct Hamilto-
nian engineering and ground-state cooling which are ex-
tremely demanding experimentally.
Rather than the toric-code model, the first spin-lattice
model with topological orders, here we study an alter-
native exactly solvable spin-lattice model – the Wen-
plaquette model [1]. Two different Z2 topological orders
exist in this system; their stability depends on the sign
of the coupling constants of the four-body interaction.
Between these two phases, a new kind of phase transi-
tion occurs when the couplings vanish. So far, neither
these topological orders nor this topological QPT have
been observed experimentally. The two major challenges
are (i) to engineer and to experimentally control com-
plex quantum systems with four-body interactions and
(ii) to detect efficiently the resulting topologically or-
dered phases. Along the lines suggested by Feynman [24],
complex quantum systems can be efficiently simulated on
quantum simulators, i.e., programmable quantum sys-
tems whose dynamics can be efficiently controlled. Some
earlier experiments have been studied, e.g., in condensed-
matter physics [21, 22, 25] and quantum chemistry [26]
(see the review on quantum simulation [27] and references
therein). Quantum simulations thus offer the possibil-
ity to investigate strongly correlated systems exhibiting
topological orders and other complex quantum systems
that are challenging for simulations on classical comput-
ers.
In this Letter, we demonstrate an experimental quan-
tum simulation of the Wen-plaquette model in a nuclear
magnetic resonance (NMR) system and observe an adia-
batic transition between two different topological orders
that are separated by a spin-polarized state. To the best
of our knowledge, this is the first experimental observa-
tion of such a system based on using the Wilson loop
operator, which corresponds to a nonlocal order param-
eter of a topological QPT [4, 5]. Both topological orders
are further confirmed to be highly entangled by quantum
state tomography. The experimental adiabatic method
paves the way towards constructing and initializing a
topological quantum memory [28, 29].
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FIG. 1: (Color online.) (a) Wen-plaquette model. The red
spheres represent spin-1/2 particles. The plaquette operator
is Fˆi = σˆ
x
i σˆ
y
i+eˆx
σˆxi+eˆx+eˆy σˆ
y
i+eˆy
. The closed string (blue) rep-
resents the Wilson loop in a 2× 2 lattice. (b) A torus formed
from a 2×2 lattice (labeled by 1,2 3,4) with periodic boundary
condition.
We focus on the Wen-plaquette model [1] shown in
Fig. 1(a), an exactly solvable quantum spin model with
Z2 topological orders. It is described by the Hamiltonian
HˆWen = −J
∑
i
Fˆi, (1)
where Fˆi = σˆ
x
i σˆ
y
i+eˆx
σˆxi+eˆx+eˆy σˆ
y
i+eˆy
is the plaquette oper-
ator that acts on the four spins surrounding a plaquette.
Since Fˆi
2
= 1, the eigenvalues of Fˆi are Fi = ±1. We
see that when J > 0 the ground state has all Fi = 1 and
when J < 0 the ground state has all Fi = −1. Accord-
ing to the classification of the projective symmetry group
[1], they correspond to two types of topological orders:
Z2A and Z2B order, respectively. It is obvious that both
topological orders have the same global symmetry as that
belongs to the Hamiltonian. So one cannot use the con-
cept of “spontaneous symmetry breaking” and the local
order parameters to distinguish them. In Z2A (Z2B)
order, a “magnetic vortex” (or m-particle) is defined as
Fi = −1 (Fi = 1) at an even sub-plaquette and an “elec-
tric charge” (or e-particle) is Fi = −1 (Fi = 1) at an
odd sub-plaquette [30]. Due to the mutual semion statis-
tics between e- and m-particles, their bound states obeys
fermionic statistics [14, 30]. Physically, in Z2B topologi-
cal order, a fermionic excitation (the bound state of e and
m) sees a pi-flux tube around each plaquette and acquires
an Aharonov–Bohm phase eipi when moving around a
plaquette, while in Z2A topological order, the fermionic
excitation feels no additional phase when moving around
each plaquette. Thus the transition at J = 0 represents
a new kind of phase transition that changes quantum
orders but not symmetry [1, 30].
However, it is difficult to directly observe the transition
from Z2A to Z2B topological order in the experiment,
because the energies of all quantum states are zero at
the critical point. Instead, the Wen-plaquette model in
a transverse field
Hˆtol = HˆWen − g
∑
i
σˆxi . (2)
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FIG. 2: (Color online.) 2D phase diagram of Wen-plaquette
model in a transverse field. The yellow, green and pink regions
represent Z2B, Z2A topological orders, and the spin-polarized
state, respectively. The three dashed lines correspond to the
tested values of g = 1, g = 5 and g = 20 in the experiment.
is often studied [4, 5, 15]. Without loss of generality, we
consider the case g > 0. Figure 2 shows its 2D phase di-
agram, which contains three regions in which the ground
state is Z2B order when J  −g, Z2A order when J  g
and a spin-polarized state without topological order when
|J |  g, respectively. From Fig. 2, we can see that
by changing J , the ground state of the system is driven
from Z2A to Z2B topological order through the trivial
spin-polarized state. The spin-polarized region from one
topological order to the other one depends on the size
of the transverse field strength g: the smaller g is, the
narrower the region of spin-polarized state becomes. If g
vanishes (or J is large enough), a QPT occurs between
the two types of topological orders [1]. The above results
are valid only for infinite systems. For finite systems, the
situation is more complicated. For example, the topolog-
ical degeneracies of the system depend on the type of the
lattice (even-by-even, even-by-odd, odd-by-odd lattices).
However, the properties of the topological orders persist
in the Wen-plaquette model with finite-size lattices [1].
The simplest finite system that exhibits topological or-
ders consists of a 2 × 2 lattice with periodic boundary
condition, as shown in Fig. 1(b). The Hamiltonian can
be described as
Hˆ4Wen = −2J(σˆx1 σˆy2 σˆx3 σˆy4 + σˆy1 σˆx2 σˆy3 σˆx4 ). (3)
The fourfold degeneracy of the ground states is a topolog-
ical degeneracy and the two ground states for J < 0 and
for J > 0 have different quantum orders [1]. Adding a
transverse field, we obtain the transverse Wen-plaquette
model Hˆtol in Eq. (7) for the finite system, where the
degeneracy is partly lifted [15]. For the case g > 0, the
non-degenerate ground state is:
|ψg〉 ≈
 |ψZ2B〉 = |φ
+〉13|φ+〉24, J  −g < 0
|ψSP 〉 = |+ + + +〉, J = 0
|ψZ2A〉 = |ψ+〉13|ψ+〉24, J  g > 0
. (4)
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FIG. 3: (Color online.) (a) Molecular structure of lodotri-
fluroehtylene. One 13C and three 19F nuclei are used as a
four-qubit quantum simulator. (b) Relevant parameters mea-
sured at T = 300K. The diagonal and nondiagonal elements
represent the chemical shifts and the coupling constants in
units of Hz, respectively. The measured spin-lattice relax-
ation times (T1) are 21 s for
13C and 12.5 s for 19F. (c) Quan-
tum circuit for observing the topological-order-transition in
the Wen-plaquette model. X and Y¯ represent pi
2
rotations of
single qubits around the x and −y axes, respectively.
Here |φ+〉 = 1√
2
(|00〉+ |11〉), |ψ+〉 = 1√
2
(|01〉+ |10〉) and
|+〉 = 1√
2
(|0〉 + |1〉). The energy-level diagram and the
ground state are given in Ref. [31]. Eq. (4) shows that
both topological orders are symmetric and possess bipar-
tite entanglement, while the spin-polarized state |ψSP 〉 is
a product state without entanglement.
The physical four-qubit system we used in the exper-
iments consists of the nuclear spins in Iodotrifluroethy-
lene (C2F3I) molecules with one
13C and three 19F nuclei.
Figure 3 (a) and (b) show its molecular structure and
relevant properties [31]. The natural Hamiltonian of this
system in the doubly rotating frame is
HˆNMR =
4∑
i=1
ωi
2
σˆzi +
4∑
i<j,=1
piJij
2
σˆzi σˆ
z
j , (5)
where ωi represents the chemical shift of spin i and Jij
the coupling constant. The experiments were carried out
on a Bruker AV-400 spectrometer (9.4T ) at room tem-
perature T = 300 K. The temperature fluctuation was
controlled to < 0.1 K, which results in a frequency sta-
bility within 1 Hz. Figure 3(c) shows the quantum cir-
cuit for the experiment, which can be divided into three
steps: (i) preparation of the initial ground state of the
Hamiltonian Hˆtol[J(0)] for a given transverse field g, (ii)
adiabatic simulation of Hˆtol[J(t)] by changing the con-
trol parameter J from J(0) to J(T ), and (iii) detection
of the resulting state.
To prepare the system in the ground state, we used
the technique of pseudo-pure states (PPS): ρˆψ =
1−
16 I +
|ψ〉〈ψ|, with I representing the 16 × 16 identity op-
erator and  ≈ 10−5 the polarization. Starting from
the thermal state, we prepared the PPS ρˆ0000 by line-
selective pulses [36]. The experimental fidelity of ρˆ0000
defined by |Tr(ρˆthρˆexp)|/
√
Tr(ρˆ2th)Tr(ρˆ
2
exp) was around
97.7%. Then we obtained the initial ground state ρˆψg of
Hˆtol[J(0)] by a unitary operator realized by a GRAPE
pulse [13] with a duration of 6 ms.
To observe the ground-state transition, we im-
plemented an adiabatic transfer from Hˆtol[J(0)] to
Hˆtol[J(T )] [10]. The sweep control parameter J(t) was
numerically optimized and implemented as a discretised
scan with M steps :
Uˆad =
M∏
m=1
Uˆm[Jm] =
M∏
m=1
e−iHˆtol[Jm]τ , (6)
where the duration of each step is τ = T/M . The adi-
abatic limit corresponds to T,M → ∞, τ → 0. Using
M = 31, the optimized sweep reaches a theoretical fi-
delity > 99.5% of the final state with respect to the true
ground state. For each step of the adiabatic passage, we
designed the NMR pulse sequence to create an effective
Hamiltonian, i.e., Hˆtol[Jm] [31].
In the experiment, we employed the Wilson loop
[4, 5, 39] to detect the transition between two different
topological orders. The effective theory of topological or-
ders is a Z2 gauge theory and the observables must be
gauge invariant quantities. The Wilson loop operator is
gauge invariant and can be as a nonlocal order parame-
ter. It is defined as Wˆ (C) =
∏
C σˆ
αi
i , where the product∏
C is over all sites on the closed string C, αi = y if i is
even and αi = x if i is odd [30]. For the 2× 2 lattice sys-
tem, this corresponds to Wˆ (C) = σˆx1 σˆ
y
2 σˆ
x
3 σˆ
y
4 . The exper-
imental results of 〈Wˆ (C)〉 can be obtained by recording
the carbon spectra after a read-out pulse [pi2 ]
F1
x [
pi
2 ]
F2
y¯ [
pi
2 ]
F3
x .
Figure 4(a) shows the resulting data for three sets of ex-
periments with g = 1, g = 5, g = 20 and J varying
from −20 to 20. When |J/g|  1, 〈Wˆ (C)〉 is close to
±1, corresponding to Z2A/Z2B topological order. The
results shown in figure 4(a) verify that the transition re-
gion becomes narrower and sharper as g decreases. In
the absence of the transverse field, g → 0, the ground
state makes a sudden transition at J = 0 from Z2B to
Z2A topological order. This is a novel QPT between dif-
ferent topological orders [1]. These results also show that
the Wilson loop is a useful nonlocal order parameter that
characterises the different Z2 topological orders very well.
To demonstrate more clearly that this topological QPT
goes beyond Landau symmetry-breaking theory and can-
not be described by local order parameters, we also mea-
sured the single-particle operator of the 13C spin:
P = |Tr[ρˆf (σˆx1 − iσˆy1 )]| =
√
Tr(ρˆf σˆx1 )
2 + Tr(ρˆf σˆ
y
1 )
2.
This was performed by measuring the magnitude of the
413C NMR signal while decoupling 19F. Here ρˆf is the
final state at the end of the adiabatic scan. Due to the
symmetry of the Hamiltonian, the values of P are equal
for all the four spins. Figure 4(b) shows the experimental
results. They are symmetric with respect to J = 0, which
means that the different Z2 topological orders cannot be
distinguished by the local order parameter.
By performing complete quantum state tomography
[40], we reconstructed the density matrices for Z2B or-
der (J = −20), for the spin-polarized state (J = 0) and
Z2A order (J = 20) for g = 1. The real parts of these
density matrices are shown in Fig.4(c), (d) and (e). The
experimental fidelities are 95.2%, 95.6% and 95.7%, re-
spectively. From these reconstructed density matrices,
we also calculated the entanglement: for both topologi-
cal orders, C(ρˆexp13 ) ≈ C(ρˆexp24 ) ≈ 0.89, while the others
were close to 0; for the spin-polarized state, all C(ρˆexpij )
are almost zero. Here ρˆexpij is the reduced density ma-
trix of two spins i, j obtained by partially tracing out
the other spins from the experimentally reconstructed
density matrix ρˆexp and the concurrence is defined as
C(ρˆexpij ) = max{λ1 − λ2 − λ3 − λ4, 0}, where λks (in de-
creasing order) are the square roots of the eigenvalues
of ρˆexpij (σˆ
y
i σˆ
y
j )ρˆ
exp∗
ij (σˆ
y
i σˆ
y
j )[41]. Therefore, the topological
orders exhibit the same bipartite entanglement between
qubits 1, 3 and 2, 4 in agreement with Eq. (4). These
experimental results are in good agreement with theo-
retical expectations. The relatively minor deviations can
be attributed mostly to the imperfections of the GRAPE
pulses, the initial ground state preparation and the spec-
tral integrals [31].
Instead of studying naturally existing topological
phases like those in quantum Hall systems, lattice-spin
models can be designed to exhibit interesting topologi-
cal phases. One example is the Wen-plaquette model,
which includes many-body interactions. Such interac-
tions have not been found in naturally occurring sys-
tems, but they can be generated as effective interactions
in quantum simulators. Using an NMR quantum simula-
tor, we provide a first proof-of-principle experiment that
implements an adiabatic transition between two differ-
ent Z2 topological orders through a spin-polarized state
in the transverse Wen-plaquette model. Such models are
beyond Landau symmetry-breaking theory and cannot
be described by local order parameters. Ref. [5] pre-
sented a numerical study of a QPT from a spin-polarized
to a topologically ordered phase using a variety of pre-
viously proposed QPT detectors and demonstrated their
feasibility. Furthermore, we also demonstrated in an ex-
periment that the nonlocal Wilson loop operator can be
a nontrivial detector of topological QPT between differ-
ent topological orders. This phenomenon requires further
investigation to be properly understood.
Although a 2× 2 lattice is a very small finite-size sys-
tem, topological orders exist in the Wen-plaquette model
with periodic lattice of finite size [1]. The validity of the
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FIG. 4: (Color online.) (a) Measured expectation values of
the nonlocal string operator – the Wilson loop 〈Wˆ (C)〉. (b)
Measured values P of the local single-particle operator. The
experimental points are denoted by the symbols O, ♦ and ◦
for g = 1, g = 5 and g = 20, respectively, along with the
theoretical expectations denoted by the black solid lines. The
error bars indicate the standard deviations of the experimen-
tal measurements. The sharp transition denoted by the blue
dashed line is the theoretical expectation when g = 0. (c) (d)
and (e) Real parts of experimentally reconstructed density
matrices for the ground states with g = 1 at J = −20, J = 0
and J = 20, corresponding to Z2B topologically ordered state
|ψZ2B〉, spin-polarized state |ψSP 〉 and Z2A topologically or-
dered state |ψZ2A〉. All imaginary parts of the density matri-
ces are small. The rows and columns represent the standard
computational basis in binary order, from |0000〉 to |1111〉.
quantum simulation of the topological orders in such a
small system also comes from the fairly short-range spin-
spin correlations. When |g/J | ≤ 1, all quasi-particles
(the electric charges, magnetic vortices and fermions)
perfectly localize that leads to zero spin-spin correlation
length [6, 8]. Therefore the topological properties of the
ground state persist in such a small system, including
the topological degeneracy, the statistics of the quasi-
particles and the non-zero Wilson loop [31]. The present
method can in principle be expanded to larger systems
with more spins, which allows one to explore more in-
teresting physical phenomena, such as lattice-dependent
topological degeneracy [1], quasiparticle fractional statis-
tics [7, 14] and the robustness of the ground state de-
generacy against local perturbations [4–6, 8]. Quantum
simulators using larger spin systems can be more pow-
erful than classical computers and permit the research
of topological orders and their physics beyond the capa-
bilities of classical computers. Nevertheless, our present
experimental results demonstrate the feasibility of small
quantum simulators for strongly correlated quantum sys-
tems, and the usefulness of the adiabatic method for con-
structing and initializing a topological quantum memory.
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SUPPLEMENTARY MATERIALS
THEORETICAL CALCULATIONS IN THE
TRANSVERSE WEN-PLAQUETTE MODEL
Energy levels and ground state
With periodic boundary condition, the total Hamilto-
nian of 2 by 2 lattices in the transverse Wen-Plaquette
model is
Hˆtol = −2J(σˆx1 σˆy2 σˆx3 σˆy4 + σˆy1 σˆx2 σˆy3 σˆx4 )− g
4∑
i
σˆxi . (7)
In the representation of σˆx basis, its ground state is
|ψg〉 = 1√
A
[α1|0000〉x−α2 |0101〉x + |1010〉x√
2
+α3|1111〉x],
where A is the normalization constant and α1 = J
2 +
2g2 + 2g
√
g2 + J2, α2 =
√
2J(g +
√
g2 + J2) and α3 =
J2. The corresponding ground-state energy is
ε = −4
√
g2 + J2. (8)
Figure 5 shows its energy-level diagram and the proba-
bility amplitudes of the ground state |ψg〉 as a function
of the four-body interaction strength J for a transverse
field (here we take g = 1). The energy-level diagram
is symmetry about J = 0 because of the symmetric
transverse field. When |J/g|  1, the ground state is
progressively four-fold degeneracy (the full four-fold de-
generacy of ground state when g = 0 is partially lifted
when g 6= 0, see the subplot of Fig. 5(a)). Note that
the ground-state energy seems to be smooth due to the
6scale-size effect and the transverse field. For the Wen-
Plaquette model (i.e. g = 0), an actual level-crossing
in the four-spin system creates a point of nonanalyticity
of the ground state energy as a function of the control
parameter J . As theoretically predicted by X. Wen [1],
a quantum phase transition (QPT) between two differ-
ent topological orders (Z2A and Z2B orders) occurs at
J = 0. However, the transition cannot be directly ob-
served in experiment due to the level-crossing (the adi-
abatic passage will fail at the transition point). There-
fore, we turn to the transverse Wen-Plaquette model (i.e.,
g 6= 0), where a second-order QPT between one topolog-
ical order and spin-polarized state occurs at J/g = ±1 in
the thermodynamic limit [2–5]. Accordingly, these two
topological orders (Z2A and Z2B orders) are connected
by a spin-polarized state, as shown in Fig. 2 in the pa-
per. The region of spin-polarized state will become nar-
row as |g/J | decreases. When g/J → 0, the region turns
into a point, and the ground-state transition in the Wen-
Plaquette model [1] can be asymptotically observed in
the experiment. Therefore, as long as g is small enough,
the main features of the ground state in Wen-plaquette
model persists (except for the point of J = 0). As shown
in Figure 5(b), it clearly illustrates that there are two
different types of the entangled ground states for J  1
and J  −1.
(a) (b)
FIG. 5: (a) Energy-level diagram of 2 by 2 lattices in the
transverse Wen-plaquette model when g = 1. (b) Probability
amplitudes (αi/
√
A, i = 1, 2, 3.) of ground state |ψg〉 for g = 1.
Spin-spin correlations
The validity of the quantum simulation of the topo-
logical orders in the Wen-plaquette model on 2-by-2 lat-
tice comes from the fairly short range spin-spin corre-
lations. For the Wen-plaquette model in the exactly
solvable limit (g/J → 0) all quasi-particles (the elec-
tric charges, magnetic vortices and fermions) have flat
bands. In other words, the quasi-particles cannot move
at all. Such perfect localization of quasi-particles leads to
no spin-spin correlations for two spins on different sites,
〈σˆxi σˆxj 〉 = 〈σˆyi σˆyj 〉 = 〈σˆzi σˆzj 〉 = 0 for i 6= j. Under the
perturbations, the quasi-particles begin to hop. For ex-
ample, the term g
∑
i σˆ
x
i drives the quasi-particles hop-
(a) (b)
FIG. 6: (a)The Wen-plaquette model on a 2× 6 lattices with
periodic condition and (b)the spin-spin correlation of 〈S1xSkx〉
vs distance k and the ratio of J/g.
ping along diagonal direction [6–8]. Therefore one may
manipulate the dynamics of the quasi-particles by adding
the external field and consequently control the spin-spin
correlation length ξ.
By using the exact diagonalization technique of the
Wen-plaquette model on a 2-by-6 lattices with periodic
boundary condition, we obtain the spin-spin correlations
for two spins with different distances via the strength of
the external field g. See the results in Fig. 6. From
this figure, one can see that in the region of g/J < 1,
the spin-spin correlation length is always smaller than
2. As a result, for the Wen-plaquette model on 2-by-2
lattice, we can also get the topological properties includ-
ing the topological degeneracy, the statistics of the quasi-
particles and the non-zero Wilson loop. For example, the
energy splitting of the degenerate ground states is esti-
mated by ∆E ∼ e−L/ξ where L is size of the system[6–
8]. In the limit of g/J → 0, due to perfect localization,
ξ → 0, for the Wen-plaquette model on 2-by-2 lattice the
energy splitting of the degenerate ground states disap-
pears, ∆E ∼ e−L/ξ → 0 (L = 2). However, in the region
of g/J > 1, the ground state is spin-polarized phase with-
out topological order, of which the spin-spin correlation
length is infinite. Due to its trivial properties, we can
also simulate the system on a lattice of small size.
EXPERIMENTAL PROCEDURE
Quantum simulator and characterization
We chose the 13C, and three 19F nuclear spins of
iodotrifluoroethyene dissolved in d-chloroform as a four-
qubit quantum simulator. The exact characterization
of the quantum simulator is very important for precise
quantum control in the experiments. The transverse re-
laxation times were measured by the CPMG pulse se-
quence. The absolute values of the J-coupling constants
were obtained from the equilibrium spectrum. We de-
termined their relative sign by creating observable three-
7spin orders, such as Ix1 I
z
2 I
z
3 and measuring the 1-D NMR
spectrum. This method requires a simpler pulse sequence
and less experimental time than 2D NMR sequences like
β-COSY [9]. Because we used an unlabeled sample, the
molecules with a 13C nucleus, which we used as the quan-
tum register, were present at a concentration of about
1%. The 19F spectra were dominated by signals from the
three-spin molecules containing the 12C isotope, while
the signals from the quantum simulator with the 13C
nucleus appeared only as small (0.5%) satellites. The
accurate 19F chemical shifts are thus hidden in the very
small signals, which are obtained by exact assignments
to distinguish them from spurious molecules with a 13C
nucleus.
Adiabatic passage
We simulated the adiabatic transition from a topologi-
cal ordered state to another one through a spin-polarized
state, where the four-body interaction J was adiabati-
cally driven as a control parameter. To ensure that the
system always stays in the instantaneous ground state,
the variation of the control parameter has to be suffi-
ciently, i.e., the adiabatic condition [10]
∣∣∣∣ 〈ψg|ψ˙e〉εe − εg
∣∣∣∣ 1 (9)
is satisfied, where the index e represents the excited state.
The condition can be rewritten as
∣∣∣∣dJ(t)dt
∣∣∣∣ 1/∣∣∣∣ 〈ψg|∂Hˆtol∂J |ψe〉(εe − εg)2
∣∣∣∣. (10)
Equation (10) determines the optimal sweep of control
parameter J(t), denoted by solid line in Fig. 7(a). For the
experimental implementation, we discretized the time-
dependent parameter J(t) into M segments during the
total duration of the adiabatic passage T . The adiabatic
condition is satisfied when both T,M → ∞ and the du-
ration of each step τ → 0. To determine the optimal
number M of steps in the adiabatic transfer, we used a
numerical simulation of the minimum fidelity Fmin en-
countered during the scan as a function of the number of
steps into which the evolution is divided (see Fig. 7(b)),
where we fixed the total evolution time T = 6.5684. The
fidelity is calculated as the overlap of the state with the
ground state at the relevant position. When M = 31, the
minimal fidelity is 0.995, which fully indicates the state
of the system is always close to its instantaneous ground
state in the whole adiabatic passage.
(a) (b)
FIG. 7: (a) Adiabatic four-body-interaction sweep J(t). The
solid line was calculated for constant adiabaticity parameter
[see Eq. (5)] for a transverse field g = 1. The 5 points
represent the M = 31 interpolations on the solid line for the
discretized scan. (b) Numerical simulation of the minimum
fidelities during the adiabatic passage vs. the number of steps.
Experimental Hamiltonian Simulation of the
transverse Wen-plaquette model
Using Trotter’s formula, the target Hamiltonian (the
transverse Wen-plaquette model in Eq. (1)) can be cre-
ated as an average Hamiltonian by concatenating evolu-
tions with short periods
e−iHˆtolτ = e−iHˆxτ/2e−iHˆ
4
Wenτe−iHˆxτ/2 +O(τ3),
where Hˆx = −g
∑4
j=1 σˆ
j
x and Hˆ
4
Wen = −2J(σˆx1 σˆy2 σˆx3 σˆy4 +
σˆy1 σˆ
x
2 σˆ
y
3 σˆ
x
4 ). This expansion faithfully represents the tar-
geted evolution provided the duration τ is kept suffi-
ciently short. Due to [σˆx1 σˆ
y
2 σˆ
x
3 σˆ
y
4 , σˆ
y
1 σˆ
x
2 σˆ
y
3 σˆ
x
4 ] = 0,
e−iHˆ
4
Wenτ = Y¯1X¯2Y¯3X¯4e
−i2Jσˆz1 σˆz2 σˆz3 σˆz4τY1X2Y3X4
·X¯1Y¯2X¯3Y¯4e−i2Jσˆz1 σˆz2 σˆz3 σˆz4τX1Y2X3Y4.
Here the many-body interaction can be simulated by a
combination of two-body interactions and RF pulses [11,
12]:
e−i2Jσ
1
zσ
2
zσ
3
zσ
4
zτ
= e−i(θ1σˆ
1
z+θ2σˆ
2
z+θ3σˆ
4
z)/2Y3e
−iHˆNMRτ1e−ipi(σˆ
3
y+σˆ
4
y)/2
· e−iHˆNMRτ1 Y¯1X¯3e−iHˆNMRτ2e−ipi(σˆ1y+σˆ2y)/2e−iHˆNMRτ2
·X1e−iHˆNMRτ3e−ipi(σˆ1x+σˆ3x)/2e−iHˆNMRτ3X1e−iHˆNMRτ2
· e−ipi(σˆ1y+σˆ2y)/2e−iHˆNMRτ2 Y¯1X3e−ipiσˆ2y/2e−iHˆNMRτ1
· e−ipi(σˆ3x+σˆ4x)/2e−iHˆNMRτ1Y3
Figure 8 shows the pulse sequences for simulating the
transverse Wen-plaquette model of Eq. (1). The simula-
tion method is in principle efficient as long as the deco-
herence time is long enough.
In order to overcome the accumulated pulse errors and
the decoherence, we packed the adiabatic passage for each
J(m) (m = 0, 1, 2, ...,M−1) into one shaped pulse calcu-
lated by the gradient ascent pulse engineering (GRAPE)
method [13], with the length of each pulse being 30 ms.
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FIG. 8: Pulse sequences for (a) simulating the transverse
Wen-plaquette model of Eq. (1), and (b) four-body inter-
action, i.e., σˆ1z σˆ
2
z σˆ
3
z σˆ
4
z , where τ1 = 1/4J34, τ2 = 1/4J12, τ3 =
2Jτ/piJ13, θ0 = −gτ, θ1 = −ω1/J34, θ2 = −4ω2Jτ/piJ13 and
θ3 = ω4/J12 + 4ω4Jτ/piJ13.
All the pulses have theoretical delities over 0.995, and are
designed to be robust against the inhomogeneity of radio-
frequency pulses in the experiments. As an example, we
show a GRAPE pulse in Fig. 9.
EXPERIMENTAL RESULTS AND ANALYSIS
Experimental Spectra
Figure 10 shows the experimental 13C spectra for equi-
librium state after a reading-out pulse [pi2 ]
13C
x (a), mea-
suring the Wilson-loop operator 〈Wˆ (C)〉 (i.e., after the
reading-out pulse [pi2 ]
F1
x [
pi
2 ]
F2
y¯ [
pi
2 ]
F3
x ) and the single-particle
operator P (i.e., decoupling 19F without a reading-out
pulse) on the M = 31 instantaneous states during the
adiabatic passage, respectively. The experimental values
of P were directly extracted from the integration of the
resonant peak of the 19F-decoupled 13C spectra, while
the experimental values of 〈Wˆ (C)〉 determined by
〈Wˆ (C)〉 = P1 − P2 − P3 − P4 + P5 + P6 + P7 − P8 (11)
where Pi (i = 1, 2, · · · , 8) represents the integration of
the ith resonant peak.
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FIG. 9: An example of one GRAPE pulse for implementing
adiabatic evolution. Time-dependence of the amplitude (a)
and the phase (b) of the GRAPE pulse in the 13C (top) and
19F (bottom) channels. (c) Robustness of the GRAPE pulse
against RF inhomogeneities.
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ppm
FIG. 10: Experimental 13C spectra for (a) equilibrium state
after a reading-out pulse [pi
2
]
13C
x , (b) measuring the Wilson
loop operator 〈Wˆ (C)〉, and (c) measuring the single-particle
operator P . (b) and (c) are two-dementional spectra with
the total number of experiments M = 31, and (c) are the
19F-decoupled 13C spectra.
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FIG. 11: Scheme of the reading-out pulses for the quan-
tum state tomography for our four-qubit quantum simulator.
SWAPij represents a SWAP gate between spin i and j in or-
der to transfer the 19F information to 13C, and then all signals
are obtained from the 13C spectra.
State tomography of the ground states
Due to the unlabeled sample, it is difficult to directly
measure the 19F signals related to quantum simulator
with the 13C nucleus. Thus we transferred the states
of the 19F spins to the 13C spin by a SWAP gate and
read out the state information of the 19F spins through
the 13C spectra. To reconstruct the full density matrices
of the four-qubit states, we performed the 44 indepen-
dent experiments (see Fig. 11) to obtain the coefficients
for all of the 256 operators which comprise a complete
operator basis of the four-qubit system. In the experi-
ment, this tomography involves 28 local operations and
3 SWAP gates. All of these operations were realized by
GRAPE pulses with 400 µs for local operations, 9 ms for
the SWAP gates between 13C and F1, F2 and 30 ms for
the SWAP gate between 13C and F3 due to the relatively
weak coupling between them. Figure 12 shows some ex-
perimental results for the ground states obtained during
the adiabatic passage in the experiments.
Error Analysis
We calculated the standard deviations σ =√∑M
i=1(x
i
exp − xith)2/M for the experimental measure-
ments of the Wilson loop 〈Wˆ (C)〉 and the single-particle
properties P . The results are listed in Table I. The
standard deviations are small and mainly caused by the
imperfection of the initial-ground-state preparation, the
GRAPE pulses and the others which can be estimated by
numerical simulations. Taking the case with g = 1 as an
example, the simulated results are also shown in Table I.
Sim1 represents a numerical simulation where we apply
the theoretical GRAPE pulses Uˆ thGRAPE for the adiabatic
evolution on the idea initial state ρˆthg = |ψthg 〉〈ψthg |, i.e.,
the simulated standard deviations for 〈Wˆ (C)〉sim1 =
Tr(ρˆsim1f Wˆ (C)) where ρˆ
sim1
f = Uˆ
th
GRAPE ρˆ
th
g Uˆ
th†
GRAPE and
P sim1 =
∣∣∣Tr[ρˆsim1f (σˆ1x − iσˆ1y)]∣∣∣. This values illustrate
the errors only induced by the theoretical imperfection
(a)  PPS
(b) Z2B order.                     (c)spin-polarized state.                (d) Z2 A order
FIG. 12: Experimentally reconstructed density matrices. (a)
Real (left) and imaginary (right) parts of PPS, with the exper-
imental fidelity around 97.7%. (b)(c)(d) represent the imagi-
nary parts of Z2B order, spin-polarized state and Z2A order,
respectively (see Figure 4 in the main text for their real parts).
TABLE I: The standard deviations of 〈Wˆ (C)〉 and P for the
experiments and numerical simulations.
σ〈Wˆ (C)〉 σP
Exp 0.091 0.078
Sim1 0.043 0.038
Sim2 0.066 0.043
.
of GRAPE pulses. Sim2 represents a numerical simu-
lation where we apply Uˆ thGRAPE on the experimentally
reconstructed density matrix of the initial state ρˆexpg ,
i.e., the simulated standard deviations for 〈Wˆ (C)〉sim2 =
Tr(ρˆsim2f Wˆ (C)) where ρˆ
sim2
f = Uˆ
th
GRAPE ρˆ
exp
g Uˆ
th†
GRAPE
and P sim2 =
∣∣∣Tr[ρˆsim2f (σˆ1x − iσˆ1y)]∣∣∣. This values account
for the errors contributed by the experimental imper-
fection of preparing initial ground state. The remaining
errors can come from the imperfections of experimental
quantum control, the static magnetic field and the
spectral integrals and so on.
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